ABSTRACT Three chemical reactions can probe the secondary and tertiary interactions of RNA molecules in solution. Dimethyl sulfate monitors the N-7 of guanosines and senses tertiary interactions there, diethyl pyrocarbonate detects stacking of adenosines, and an alternate dimethyl sulfate reaction examines the N-3 of cytidines and thus probes base pairing. The reactions work between 0C and 90'C and at pH 4.5-8.5 in a variety of buffers. As an example we follow the progressive denaturation of yeast tRNA"h terminally labeled with 32P as the tertiary and secondary structures sequentially melt out. A single autoradiograph of a terminally labeled molecule locates regions of higher-order structure and identifies the bases involved.
The three-dimensional configuration of an RNA molecule determines many of its biological properties. Chemical reagents provide sensitive probes of the conformation of nucleic acids in solution, detecting such properties as base pairing, base stacking, or the shielding of reactive groups by tertiary structure or complex formation with a protein or ion. With a base-specific reagent and a terminally labeled polynucleotide, a single experiment can probe such properties of that base wherever it occurs in the molecule. Our base-specific reagents weaken the glycosyl bond between the base and the ribosyl moiety of the polynucleotide. Thus, an initial, limited, base-specific modification appears ultimately as a chemically induced strand scission. The distance of the strand scission from the terminal label locates the position of the attacked base'along the molecule. The resultant nucleotide fragments are electrophoretically separated by size on polyacrylamide gels and their lengths are determined by autoradiography. This approach underlies the chemical determination of the sequence of DNA (1) and RNA (2) molecules. It has also been used to study DNA-protein complexes (3) (4) (5) .
Dimethyl sulfate alkylates the N-7 position of guanosines (6) and the N-3 position of cytidines (7); diethyl pyrocarbonate carbethoxylates the N-7 of adenosines (8) . However, these reactions occur only if the sites are not involved in structural interactions and, hence, are available for chemical modification. Furthermore, the diethyl pyrocarbonate reaction appears to be sensitive to the stacking of adenosines. Thus, these reagents effectively probe conformation by providing structure-specific data as well as base-specific information. If an RNA molecule is modified under totally denaturing conditions, a full sequence spectrum is generated on the autoradiograph that displays the electrophoretically separated labeled fragments (2) . However, if the molecule is probed under native or semidenaturing conditions, only a partial sequence spectrum.appears (see Fig.  1 for example). Thus, when the probing reactions are run in parallel with the chemical sequencing reactions, a single autoradiograph locates regions of higher-order structure and simultaneously identifies the bases involved. The RNA can be labeled before or after the initial reactions.
By using yeast tRNAPhe as a model RNA system, we follow the sequential denaturation of the molecule as the tertiary and secondary interactions melt out. The bases involved in these higher-order interactions correlate with defined interactions in the crystal structure of yeast tRNAPhe (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , eluted, and precipitated (2). The tRNA was radioactively labeled by filling out the 3' CCA end by using Escherichia coli nucleotidyltransferase (19) and [a-32P]ATP under conditions described by Silberklang et al. (20) , except that snake venom phosphodiesterase was not used. The terminally labeled tRNA was repurified as described above, located by autoradiography, eluted, and precipitated. Tightly bound Mg2+ (21) , which stabilizes tertiary interactions (22) , was removed by suspending the tRNA in 15 ,u of 10 mM sodium cacodylate, pH 7.0/10 mM EDTA and dialyzing in a microdialysis cell (Cambridge Repetition Engineers, Cambridge, England) against 50 ml of this same buffer. After dialysis for 4-5 days at room temperature, the tRNA was withdrawn through a slit in the dialysis membrane and stored at -200C. Chemical Reactions. We followed the general procedures and precautions for the chemical determination of RNA nucleotide sequences (2) . However, no bulk carrier tRNA was used in the initial reaction buffer to prevent any possible interaction with the yeast tRNAPhe. Our specific reaction conditions are described below.
Guanosine reactions. To restore the Mg2+-deficient tRNAPhe to its native conformation (23), we added 1 ,l of the dialyzed tRNA to 200 ,u of 50 mM sodium cacodylate, pH 7.0/10 mM MgCl2, incubated the mixture at 37°C for 20 min, and immediately chilled it on ice. Then 0.5 ,ul of dimethyl sulfate was added, and the reaction mixture was incubated at 37°C for 12 min. To probe the RNA under semidenaturing conditions, we followed the above procedure except that 200 A1 of 50 mM sodium cacodylate, pH 7.0/1 mM EDTA was used. For reaction under totally denaturing conditions, 1 ,l of tRNAPhe was added to 300 p1 of 50 mM sodium cacodylate, pH 7.0/1 mM EDTA 4679 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "ad- MgCl2 at 370C. The semidenatured conformer was in 50 mM sodium cacodylate, pH 7.0/1 mM EDTA at 370C; the denatured conformer was in the same buffer at 900C. The samples were run on 20%o polyacrylamide gels (2) . The gel for this autoradiograph was electrophoresed at 2 kV for approximately 3 hr. The nucleotides are numbered in the 5'-to-3' direction. Bands corresponding to uridines appear in C lanes due to the hydrazine step (2) . Bands corresponding to m7G46
and Y37 appear in every lane due to the acidic aniline treatment. The 3' ultimate nucleotide A76 does not appear because this strand scission does not release the radioactive label. XC, xylene cyanol marker; BPB, bromphenol blue marker.
at 00C, and 0.5 jsl of dimethyl sulfate was added. The reaction mixture was incubated at 90'C for 1 min. The tRNAPhe was precipitated with cold 1.0 M Tris acetate, pH 7.5/1.0 M 2-mercaptoethanol/1.5 M sodium acetate/0.2 mg of bulk tRNA per ml for the initial precipitation, and strand scission was induced with sodium borohydride and aniline (2 (2) .
After the aniline reactions, the samples were suspended in 8 M urea/20 mM Tris-HC1, pH 7.4/1 mM EDTA/0.05% xylene cyanol/0.05% bromphenol blue, and the Cerenkov radioactivity of each sample was equalized prior to electrophoresis. After autoradiography, each gel lane was scanned with an Ortec 4310 densitometer to confirm strand scission at any given base. Fig. 1 depicts a progressive denaturation of yeast tRNAPhe. Each set of three lanes shows the reactivity of the A, G, and C residues. From left to right, the patterns correspond to native yeast tRNAPhe with all structural interactions intact, semidenatured tRNAPhe with only the primary and secondary interactions intact (i.e., the cloverleaf form), and denatured tRNAPhe with only primary interactions intact. Clearly, more bands appear as the molecule loses stabilizing structural elements and unfolds. For example, the band corresponding to C56 first appears under semidenaturing conditions. The C56 N-3 atom must be involved in a structural interaction that disintegrates upon removal of the Mg2+ ions that stabilize the native yeast tRNAPhe molecule.
RESULTS AND DISCUSSION
Indeed, crystal studies (9) (10) (11) (12) (13) (14) show that C56 N-3 is involved in Proc. Natl. Acad. Sci. USA 77 (1980) 4681 No interaction at C75 N-3 (9) (10) (11) (12) (13) (14) None No interaction at C74 N-3 (9) (10) (11) (12) (13) (14) 30
Probably still stacked when 30 structure melts (10) 20 End of helix probably melts with 30 structure (26) G57 N-7 hydrogen-bonded to '55 2' OH (11) (12) (13) 
30
C56 N-3 hydrogen-bonded to G19 N-1 (11, 13) 
Mg2+ coordination site (17) 
Mg2+ pocket (17) 30 C48 N-3 hydrogen-bonded to G15 N-2 (11) (12) (13) None No interaction at G45 N-7 (9) (10) (11) (12) (13) (14) G22 N-7 hydrogen-bonded to m7G46 N-1 (11) (12) (13) 
Mg2+ pocket (15, 17) 30 Mg2+ coordination site (15) (16) (17) 
Mg2+ pocket (15) (16) (17) None No interaction at G18 N-7 (9) (10) (11) (12) (13) (14) None Possible H20 pocket (15, 17) 30 A14 N-6, N-7 hydrogen-bonded to U8 0-2, N-3 (1. a tertiary hydrogen bond with G19 N-1 under native conditions. Fig. 2 illustrates the secondary and tertiary interactions deduced from the crystal studies. The band corresponding to C70 appears only under completely denaturing conditions. This indicates the presence of a structural interaction more stable than a tertiary interaction; crystal studies show a C70-G3 WatsonCrick base pair stabilizing the secondary structure of the yeast tRNAPhe molecule. In contrast, C75 and C74 are always vulnerable to dimethyl sulfate because they are at the singlestranded 3' end of the molecule. G43  G42  A38  A36  A35  Gm34  Cm32  A31  G30   A29  C28  C27  C25  G24  A23  G22   A21  G20  G19  G18  G15   A14  C13  C11  m2G10   A9  A5  G4  G3 G1 Table 1 summarizes all of the interactions that can be deduced from Fig. 1 and from a longer gel run (not shown) and experiments using 5'-end-labeled molecules (not shown). Of the 16 cytidines in this molecule, we can examine 15 (C2 is not resolved on the gels). Of these, two react always, five more react in the semidenatured molecule, and the last eight react in the fully denatured state. In most cases this reactivity reflects the base pairing of the cytidines and distinguishes tertiary (easily melted) from secondary.base pairs. However, in two cases, C60 and Cm32, the N-3 atom is blocked by a coordinated Mg2+ ion.
A44, A31, and A29 are not available to diethyl pyrocarbonate attack under native conditions but become vulnerable as the molecule unfolds. A44 is attacked when its tertiary interaction with m2G26 is disrupted, whereas A31 and A29 are modified only under totally denaturing conditions when the anticodon stem unfolds (see Figs. 1 and 2) . Interestingly, AS8, A36, and AS5 are not modified in native yeast tRNAPhe but are modified in the absence of Mg2+. These bases, all in the anticodon loop but not involved in known hydrogen bonds, surround a strong Mg2+-binding site (15) (16) (17) and are stably stacked in the native molecule (10) . Hence, diethyl pyrocarbonate probes adenosines by detecting stacking interactions that result from base pairing or stabilizing ions. As in the cytidine reaction, these can be tertiary (e.g., A44-m2G26 and A14-U8; and AS8, AS6, and AS5) or secondary (e.g., A31-I39 and A29-U41) interactions. Of the 16 adenosines internal to the molecule, none reacts in the native state. (This is not due simply to the presence of Mg2+. Diethyl pyrocarbonate attacks one exposed adenosine in E. coli 5S RNA in a similar buffer.) In contrast, seven internal adenosines become accessible in the semidenatured tRNAPhe molecule and all become available upon complete denaturation.
Although the cytidine and adenosine reactions are sensitive to both tertiary and secondary interactions, the guanosine reaction differs because the N-7 atom is not involved in the secondary interactions of an RNA A helix (27) . Hence, dimethyl sulfate probes only tertiary interactions of guanosines at this site. We find that it monitors known tertiary hydrogen bonds (e.g., G57-I55 2'OH and G22-m7G46) and defined Mg2+ coordination pockets (e.g., G53 and G51 in Fig. 1 ). In addition, we detect several tertiary interactions (e.g., at G65, G4S, and G42 in Fig. 1 and five others) that are undefined by crystal studies. These probably reflect subtleties of ionic shielding and base stacking or additional tertiary hydrogen bonds difficult to identify by crystal studies (see ref. 14) . Table 1 summarizes every band in the three pattern groups and compares the inferred interactions with the crystal structure of yeast tRNAPhe (9) (10) (11) (12) (13) (14) (15) (16) (17) . The reactions detect structural interactions for 51 of the 76 bases of yeast tRNAPhe; however, the uridines and most of the unusual bases elude us. Of the 51 interactions probed, 3 deviate from crystal studies (A73, C72, and G19), 2 are ambiguous (C13 and C11), and 38 correspond exactly to the crystal structure. Eight others are tertiary interactions at guanosines that as yet have not been detected by crystal studies.
These reactions can also monitor RNA conformation in RNA-protein complexes. In extensions of these experiments we have deduced conformational information about the E. coli tRNAPhe-ribosome interaction (D. Peattie and W. Herr, unpublished results), observed differences between the A and B conformers of E. coli 5S RNA, and monitored effects of purified ribosomal proteins on E. coli 5S RNA (D. Peattie, R. Garrett, and H. Noller, unpublished results). Because the initial chemical reactions are of very limited extent, the integrity of the nucleic acid structure is not affected significantly. Indeed, the RNA is quite stable after the initial modifications. The tRNAPhe could have been modified first and then labeled, purified, and fragmented. Hence, one can directly probe a native complex of RNA with affector molecules prior to disrupting the complex and labeling the RNA. Conversely, an RNA molecule can be modified chemically and then tested for biological function.
In this way, we have located specific sites within E. colh tRNAPhe that are crucial for functional interaction with the ribosome (D. Peattie and W. Herr, unpublished results). Furthermore, very large RNA molecules (such as messengers) can be probed by modifying them first and then cutting them into smaller pieces (28, 29) for end labeling, strand scission, and gel analysis.
